Abstract: Longleaf pine (Pinus palustris) ecosystems have been reduced dramatically throughout their range. Prescribed burning is considered the best way to restore and maintain plant communities associated with longleaf pine, but little is known about its effects on coarse woody debris and associated organisms. We conducted a 5-year study on the Osceola National Forest in northeastern Florida to determine how dormant-season prescribed burns at different frequencies (annual, biennial, quadrennial or unburned) applied over a 40-year period affected coarse woody debris volume, decomposition and nitrogen content, and subterranean termite (Reticulitermes spp.) activity. Burn frequency had no effect on standing dead tree or log volumes. However, freshly cut longleaf pine logs placed in the plots for four years lost significantly less mass in annually burned plots than in unburned plots. The annual exponential decay coefficient estimate from all logs was 0.14 yr −1 (SE = 0.01), with the estimated times for 50 and 95% loss being 5 and 21.4 years, respectively. Termite presence was unaffected by frequent burning, suggesting they were able to survive the fires underground or within wood, and that winter burning did not deplete their food resources.
Introduction
The importance of coarse woody debris (CWD), which includes standing dead trees or "snags" and large-diameter logs on the forest floor, in maintaining forest diversity is widely recognized [1] [2] [3] [4] . For example, Elton [1] suggested that as many as one fifth of forest species are dependent on dead wood, and more recent estimates for European forests place the value as high as one third [5] . Clearly, forest management should consider this resource and how forestry practices affect its abundance and distribution. Most research on large woody debris and its function in North American forests has been conducted in the Pacific Northwest [2, 6] , and little is known about this important resource in forests of the Southeastern United States [7] . Longleaf pine (Pinus palustris) forests endemic to the region are of particular interest. These ecosystems once occupied >24 million hectares, but due primarily to harvesting, wild hogs, conversion to species with faster juvenile growth, and land use changes, less than 1.3 million fragmented hectares remained by the mid 1990's [8] . News of the impending demise of this species sparked a widespread, concerted effort by virtually all southern federal and state agencies, non-government natural resource organizations, and ecologically oriented private land owners to reverse the decline.
Prior to European arrival in North America, longleaf pine flatwoods communities were maintained by frequent fires (1-3 year intervals) started by lightning or Native Americans [9, 10] . Prescribed fire, usually applied during the dormant season, has replaced these historic ignition sources and is the only known operational method (although mechanical or chemical pretreatments are sometimes necessary) for restoring and maintaining the full suite of ecosystem functions in longleaf pine and its associated plant communities [11] . Compared to research involving plant community response, efforts to determine how prescribed fire affects dead wood volumes and the decomposer community are largely lacking.
Fire can influence dead wood volumes in a variety of ways. These include direct or indirect inputs of dead wood through tree mortality or injury, consumption of woody fuel and effects on the decomposer community. Although fungi represent the primary decomposers in most ecosystems [12] , wood-feeding insects such as termites and beetles can also play an important role. For example, in the longleaf pine forest of the Southern United States, subterranean termites belonging to the genus Reticulitermes are present in high numbers. Although efforts to quantify wood consumption by these organisms have not been made in such forests, studies carried out in other regions suggest their effects on decomposition processes may be substantial [13, 14] . Efforts to determine how fire affects Reticulitermes are similarly lacking but studies on other termite taxa [15, 16] suggest the low-intensity fires typical of longleaf pine forests may have little impact on these organisms.
The purpose of the current study was to determine how relatively low-intensity dormant season prescribed fires administered at different frequencies over a 40 year period in flatwood longleaf pine forests affected coarse woody debris volume (snags and logs), decomposition, and termite activity in Northern Florida. We theorized that frequent burning over such a long period of time would reduce the amount of coarse woody debris and slow decomposition rates through long-term depletion of resources for the decomposer community, including termites.
Materials and Methods

Study Site and Design
The study was conducted on the Osceola National Forest in Baker County, Florida on plots established in 1958 to examine effects of burning frequency on reducing understory and forest floor fuel loads, and thus the impact on wildfire suppression and damage. In 1958, the overstory trees were 45-year-old longleaf pine with a few slash pine (P. elliottii). Dominant trees averaged 20 m tall and 29 cm diameter at the start of the study. The presence of remnant longleaf pine trees that had been "boxed" or scarred for extraction of turpentine, a common practice from the early colonization of North America until the early 1900's, is strong evidence that the area was never cleared for agriculture, although it was extensively logged at the beginning of the 20th century. The understory consisted of typical flatwoods vegetation dominated by palmetto (Serenoa repens), gallberry (Ilex glabra), Vaccinium sp. and wiregrass (Aristida beyrichiana) (see Glitzenstein et al. [17] for a complete floral description). The study was a randomized complete block design consisting 6 blocks of 4 treatments each (24 plots). Each plot was 0.8-ha (80 × 100 m) in size. The entire site received a low-intensity prescribed burn in the winter of 1956 to initialize the study area and treatments were applied as scheduled from 1958 to the present between December and early March (Table 1) . Initial treatments were winter burns applied every 2-, 4-or 6-years and unburned controls. However, after 1964 the 6-year interval treatment was replaced with annual winter burns. Fire intensity and severity varied from year to year depending on weather conditions (particularly wind and relative humidity), the Keetch-Byram Drought Index, available fuel (dead down material, groundcover and understory regrowth), dead fine-fuel moisture content (which ranged from about 9%-16%), and firing technique (headfire, flankfire or backfire). Our study was superimposed on this long-term winter burn study and began in the fall of 1994 with annual plots burned a few months later in early 1995 and then all, 1-, 2-and 4-year burn plots were burned a year later. The study continued for the full cycle of burn treatments (annual, biennial and quadrennial) ending after the 1-, 2-, and 4-year plots were again burned the winter of 1999-2000. Control plots had been unburned for 44 years at the close of our study.
Coarse Woody Debris
We initially surveyed coarse woody debris (defined in this study as larger than 10cm in diameter) on the plots in 1995. However, some unauthorized salvage cutting of lightning stuck trees had occurred on annual and biennial plots from 1989 through 1991. Since we were uncertain if our initial survey reflected natural levels of coarse woody debris input, we surveyed again in December 2003 to compare volumes between treatments. This gave us at least a 12-year period (1991-2003) during which no lightning-killed trees were removed from any plots. During the survey we measured down coarse woody debris (logs) on all plots by walking five, 10-m wide transects across the plots in the same direction resulting in samples of approximately 50% of the plot surfaces. The length and small-and large-end diameters of all down coarse woody debris >10 cm diameter within each transect was measured and recorded, but not differentiated by decay class. No adjustments were made in diameter readings to compensate for instances where the bark was gone. We used Huber's equation (volume = m × l; where, m = mid-point cross-sectional area and l = length) to estimate volume of dead wood [18] . The mid-point diameters of logs were estimated by taking the average of the end diameters. In addition, we conducted a 100% survey of standing dead wood (snags). Diameter at breast height (dbh) and height of each snag was measured in the field and the mid-point diameter was estimated using taper equations for coastal plain longleaf pine [19] . Huber's equation was then used to estimate volume after using the mid-point diameter to calculate the cross-sectional area.
Wood Decomposition and Nitrogen (N) Content
We were interested in determining if prescribed burning affected the rate of decomposition of longleaf pine. To measure decomposition rate, we placed four 1.3 m long sections of freshly cut longleaf pine (20.6-23 cm diameter) on each plot at the plot corners 10 m from each corner along the diagonal. Logs were laid on their sides on the accumulated leaf litter present at each location. No attempt was made to place logs in direct contact with mineral soil. During the third year (1997) we noticed mammals were beginning to forage in some previously sampled logs, so to prevent vertebrate fragmentation of the remaining logs we covered them with wire fencing (chicken wire with 2.5 × 2.5 cm openings) held in place with four tent stakes.
Wood decomposition rates were estimated by changes in mass over time. Just before placing the logs on the plots, a 5-7 cm wide cross-section was cut from one end of each log (96 sections) to obtain estimates of initial density. Density (g/cc) was measured by cutting a 60 o wedge from each debarked cross-section. The wedges were soaked in water for 7 days to ensure no air was in the wood and then volume was measured by water displacement. Afterward, wedges were air-dried for 24 h followed by oven-drying at 103 °C for 48 h and weighed. An additional wedge was cut from each cross-section, oven-dried at 60 °C for 48 h and stored for analysis of N content.
During January of each year, prior to prescribed burning, a cross-section was cut from the center of one of the four logs in each plot (i.e., each log was sampled one time over the four-year period) and specific gravity was estimated in the same manner as above. By the third year the sections were beginning to fall apart after they were cut from the logs, so from then on, study wedges were cut and immediately enclosed in a bag constructed from fiberglass window screening for processing. The weight and volume of the bags were measured separately and subtracted from the total sample volume and weight to obtain density estimates for wood only.
Fungal colonization is the most important pathway for movement of N into coarse woody debris [20, 21] . Similarly, the activities of termites and other wood-feeding invertebrates are thought to contribute to the release of N and other nutrients [22, 23] . Thus, we measured N content in our logs to provide an indication of fungal and insect activity and a means to determine how prescribed burning affects nutrient dynamics in logs. Wood samples collected throughout the study (oven-dried at 60 °C for 48 h and stored at room temperature) were used for N content analyses. In 1999, the samples were ground in a Wiley mill to a particle size of 1 mm or less and analyzed for percent N by the University of Georgia's Soil, Plant and Water Testing Laboratory (Athens, Georgia) using an inductively coupled plasma emission spectrograph.
Termites
To measure termite abundance in the plots, we placed sampling blocks (a long-established method for monitoring subterranean termite activity, e.g., [24] ) consisting of 25 cm long pieces of 5 × 10 cm kiln-dried pine wood on the plots in April, 1995. Ten blocks were placed on each plot in two lines spaced 20 m apart. Blocks were placed in direct contact with mineral soil and spaced 5 m apart within the lines. At that spacing, termites in each block likely represent a separate colony [25] . Blocks were checked for termite activity (i.e., presence or absence of live termites) every 2 months for one year. A second set of blocks cut from the same wood as the first set was placed on the plots in November 1996 and monitored through September 1997. The number of blocks attacked was compared among treatments.
Statistical Analyses
Two-way analyses of variance were carried out using the SAS [26] General Linear Models procedure to determine if burn frequency affected the volume of standing dead trees, logs or both combined. Analyses of variance for a split-plot design (i.e., with year being the subunit effect) were performed on mass loss and N content data. Percentage data on mass loss were arcsine square-root transformed to achieve normality prior to analysis [27] . When a significant treatment effect was detected, means were compared using the least significant difference method described by Dowdy et al. [28] .
The most widely used equation to model wood decay is the single-exponential model [2] :
where Y t is the amount left at time t; Y o is the initial amount; and k is the decay rate constant. We estimated the decay rate constant from all wood samples combined and then used the above equation to estimate the time required for 50% and 95% of the initial mass to be lost. In four samples (1 in 1997 and 3 in 1999) the density of decayed samples was higher than the original value so these outliers were not included in subsequent calculations.
To test for correlations between burn frequency and termite presence, the Mantel-Haenzel Chi-Square test was performed separately for each sampling period [29] (Note: data from November 1997 were not analyzed due to insufficient sample sizes).
Results
Coarse Woody Debris
The volume of snags, logs and total coarse woody debris volume (snags and logs) were the same regardless of prescribed burn frequency ( Table 2 ). Since burn frequency had no effect on coarse woody debris volume, we calculated the average volume per unit area using the total volume per plot for the 24 plots. The mean volume was 6.54 m 
Wood Decomposition and Nitrogen (N) Content
Mass lost from logs placed in the plots at the beginning of this study varied significantly among treatments, blocks and years but there were no significant interactions between these terms (Table 3) . Because a significant treatment effect was detected, transformed means were compared using a calculated least significant difference of 0.138. These comparisons indicate that log mass remaining was greater in quadrennially burned plots than in unburned plots in 1997 and greater in annually burned plots than unburned plots in 1998 and 1999. Although the difference detected in 1997 is not apparent in subsequent years based on Figure 1a , the difference between annually burned and unburned plots appears to be consistent and widening with time throughout the study.
Using the k value for all logs (0.14) in the exponential decay function, the estimated half-life of a longleaf log in the Florida flatwoods was 5 years and the time for 95% mass loss was 21.4 years assuming decay follows the single-exponential model (Figure 1b) . Since annual burning reduced mass loss relative to the unburned controls during the four years of the study, we calculated the decay coefficients for logs on annually burned plots (k = 0.138 ± 0.018 yr −1 , n = 24) and unburned controls (k = 0.158 ± 0.018 yr −1 , n = 20) and used them in the exponential decay function to estimate half-life and time for 95% mass loss in those treatment plots. Logs on annually burned plots were estimated to lose 50% of their mass in 5.0 years and 95% in 21.7 years. On unburned control plots 50% mass loss was estimated to occur at 4.4 years and 95% loss at 18.9 years. The nitrogen content of the logs varied among years but was unaffected by burn frequency (Table 3, Figure 2 ). On average, nitrogen content increased 3 fold from when the logs were placed on the site in December 1994 to when they were first sampled in January 1996 (0.07 ± 0.005% and 0.22 ± 0.01%, respectively). Levels remained relatively constant the following year, and then declined in 1998 and remained at the same level in 1999. Even in the last two years of sampling the overall nitrogen content was higher than the initial content when the logs were first cut. 
Termites
Approximately 25% of the wooden blocks placed on the plots in March 1995 were infested within two months ( Figure 3 ) and 46% had termites within eight months (October 1995). The second set of blocks was placed on the study site in November 1996 and approximately 40% of those had termites feeding on them by July 1997. Dormant season prescribed burning had little effect on termites. Only in April of 1996 was there a significant correlation between burn frequency and termite abundance, due to an unusually low proportion of blocks being infested in the unburned plots (p < 0.0001). Because this was the only time such differences were observed (Figure 3) , this result may be due to chance. Overall percentage of wooden blocks infested by termites at each burn frequency. The original blocks were replaced in November 1996. The x-axis break is used to separate the two sets of blocks and the arrow at January 1997 indicates the first reading taken from this second set of blocks. Mantel-Haenzel Chi-Square statistics were calculated separately for each sampling period. Significant results were obtained only for April 1996 (see results).
Discussion
Along with decomposition, insect consumption, and fragmentation by animals, fire is considered one of the main pathways by which dead wood is lost from ecosystems [30] . Little is known, however, about the relative importance of each pathway in different forest types. In the longleaf pine ecosystem studied in this project, 12 years of dormant-season prescribed burning (1991-2003) the period when no salvage logging had occurred) had no effect on coarse woody debris volume at any of the burn frequencies tested. Furthermore, standing dead tree or snag volumes were the same for all treatments indicating that recent (past 5 years) tree mortality [31] did not vary among burn frequencies. These findings are consistent with those of Ottmar and Vihnanek [32] who found no coarse woody debris consumption by dormant season prescribed burns on the Okefenokee National Wildlife Refuge (NWR) (longleaf and slash pine) and Piedmont NWR (loblolly, P. taeda, and shortleaf pine, P. echinata). Parresol et al. [33] , however, found that longleaf pine coarse woody debris volumes were affected by the interaction of site index and the number of burns applied to the stands. They also found that time since the last burn was correlated with coarse woody debris volume in loblolly and slash pine stands but not longleaf pine. It is not clear how time since last burn affected coarse woody debris volumes in that study.
Although we were unable to find differences in the volumes of naturally-occurring coarse woody debris among treatments, fire did affect the decay rates of the log sections placed in the plots for four years based on our density measurements. Specifically, we found those placed in annually burned plots lost significantly less mass than those placed in unburned plots. Frequent dormant-season fires may slow wood decomposition by reducing the activities of fungi, microbes or invertebrates either directly or indirectly. For example, annually burned plots had about half of the litter and humus as plots burned on a 2-or 4-year cycle and 20 percent of the amount on unburned controls [34] . The lower amount of plant litter on the soil surface may have resulted in lower soil moisture that slowed decomposition. Research supporting a more direct effect of fire on wood-decaying fungi was conducted in northern Europe [35] where the fungal flora associated with fallen Norway Spruce were sampled before and after an intense burn in Finland. Many species of fungi were lost due to the fire, especially from moderately to strongly decayed logs and from those most strongly burned.
A long-term study similar to the present study was established in 1958 on the Francis Marion National Forest near Charleston, SC; but with a 3-year burn interval included and an overstory comprised mainly of loblolly pine (Pinus teada). Hurricane Hugo hit the area in September 1989 causing a large input of CWD on the study plots. Mayfield and Wade [36] examined the relationship between macrofungi and burn frequency by measuring fruiting bodies on three plots; an annual, triennial and unburned control during July 1991. Total fruiting body biomass averaged 989 grams on the unburned control plot, 9,183 grams on the triennial plot and 11,655 grams on the annual plot. Over 90% of the fruiting body mass occurred on the burn plots. Mayfield and Wade [36] also found higher levels of cellulase activity on burned than on the unburned plot suggesting that close-interval prescribed burns increased, rather than decreased decomposition of CWD on the forest floor.
Termites are thought to be the most important wood consuming insects in many forests [30] . Although termite abundance data from logs were not collected in this study, burn frequency did not affect the presence of termites according to data collected from the wooden blocks placed throughout the plots. This is perhaps not surprising considering the low intensities of the burns [37] . Although their heat tolerances (~44 °C) [38] , fall far below the temperatures reached on the forest floor during typical burns [39] , these organisms could have easily found refuge several centimeters beneath the soil surface [40] . They may also have been able to survive fires within dead wood as has been shown for other insects [41] . Furthermore, the availability of dead wood was not affected by fire frequency and charring does not deter feeding by these organisms [42] so their food resources were not affected. In the unlikely event food resources were reduced by prescribed burning in this region, termites would probably be unaffected since Horn and Hanula [43] found that three years of annual removal of all coarse woody debris did not significantly reduce termite abundance on large (9 ha) plots of mature pine forest in South Carolina.
Although this is the first attempt we are aware of to measure the effects of fire on Reticulitermes populations, a number of studies have been carried out elsewhere on other termite taxa. Abensperg-Traun and Milewski [44] , for instance, sampled termites in burned and unburned habitats two years after an intense fire in Western Australia. They found wood-eating termites to be less numerous and diverse in previously burned areas whereas other taxa were not affected. Similarly, Davies [15] compared the species richness of termites in a seasonally-burned (low intensity) dry dipterocarp forest in Northern Thailand to that in an unburned forest nearby. He found termite richness to be slightly higher in the seasonally burned forest but relative abundance data were not collected. In an Australian tropical savanna, Dawes-Gromadzki [45] found termite abundance declined in tree patches following an early dry-season burn. Most recently, Davies et al. [16] found termites to be highly resistant to fire in African savannas although tolerance varied considerably among functional groups. It can be concluded from these results and those of the current study that termites vary greatly in their responses to fire depending on taxa and burn intensity.
We observed an initial large increase in nitrogen content of logs one year after placement followed by a general declining trend. That there were no differences in nitrogen content among treatments suggests that the balance of fungi and invertebrate decomposers and their effects on nutrient immobilization and release [22, 23] were not significantly influenced by burn frequency. Taken together, the results from this study indicate that low intensity dormant season prescribed burns have little effect on the amount of coarse woody debris in longleaf pine forests and that termites and possibly other decomposers are highly resilient to the frequent fire regimes commonplace across the southeastern Coastal Plain [10] . These limited effects are no doubt largely due to the low intensity of the fires. In the western U.S., for example, where CWD tends to be considerably drier during prescribed burning due to lower precipitation and average daily relative humidity, Randall-Parker and Miller [46] found prescribed burns in ponderosa pine (P. ponderosa) stands consumed over 50% of logs and approximately 20% of snags.
With a half-life of just five years, our findings indicate wood decay proceeds quickly in the longleaf pine forests of the southeastern United States. This can probably be attributed largely to the warm and humid conditions characteristic of the region which apparently outweigh and limit the effects of fire on wood decomposition. For example, in our study the decay coefficient (k) for all samples combined was estimated to be 0.14 year −1 (SE = 0.01). This is twice the rate reported for loblolly pine logging slash in a clearcut [47] where the logs were exposed to full sunlight, and half the value reported for loblolly pine in a forest in Tennessee [48] with a cooler climate. However, it was similar to the decay coefficient of 0.13 year reported by Eaton and Sanchez [49] for loblolly pine in a forest on the upper Coastal Plain of South Carolina. This study focused only on the decomposition of large-diameter woody debris. Previous studies on the Osceola National Forest long-term burn study plots examined fire effects on leaf litter and fine woody debris consumption and arthropod populations [34] . Also, just because termites were not noticeably affected in the current study, one should not conclude that fire is not relevant to wood-inhabiting arthropods. It is clear from research in other regions, for instance, that many wood-inhabiting insect species are strongly favored by or even dependent on fire [50, 51] . The extent to which similarly pyrophilic species are present in the southeastern United States remains almost entirely unexplored and merits future investigation.
